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ABSTRACT

In situ surface infrared (IR) spectroelectrochemistry is used to
investigate the adsorption of sulfate (SO,%) and bisulfate (HSO,”) ions on
polycrystalline gold surfaces in sodium sulfate and sulfuric acid, and also
during copper underpotential deposition in sulfuric acid medium. In sodium
sulfate solution, IR peaks due to surface sulfate and bisulfate are observed
at potentials within the double-layer region on gold, and the ratio of IR peak
intensities for sulfate to bisulfate increases as the applied potential is
made more negative. In sulfuric acid, surface IR spectra indicate that
adsorbed sulfate is favored at more positive potentials, while adsorbed
bisulfate is prevalent at more negative voltages; also, a potential-dependent
reorientation of water is observed in the spectra. IR spectroelectrochemical
data from a sulfuric acid system containing copper sulfate indicate that
adsorbed sulfate is present on gold at more positive potentials, and its
coverage increases when underpotentially deposited (UPD) copper is present on
the gold substrate surface. When the applied potential is sufficiently
negative to effect full discharge of UPD copper, IR spectroelectrochemistry
shows a loss of adsorbed sulfate and an increase in surface bisulfate species,
with a concomitant reorientation of adsorbed water molecules. The results are
explained in terms of surface electrostatic considerations during UPD of
copper, and also in terms of potential-dependent pH changes at the interface.
To our knowledge, this is the first reported infrared spectroelectrochemical
study of interfacial changes occurring during metal underpotential deposition

processes.




INTRODUCTION

In recent years infrared (IR) spectroelectrochemistry has been shown to
be a valuable tool for investigations of the interactions of adsorbates with
electrode surfaces.!™ For example, through IR spectroelectrochemical studies
it has been demonstrated that adsorbed cations (as well as anions) may
influence the potential-dependent behavior of coadsorbed species such as
specifically adsorbed thiocyanate’ and carbon monoxide.® Apart from double-
layer studies, surface IR spectroelectrochemistry has proven to be extremely
useful for examining mechanisms of electrode reactions,!™* since reaction
intermediates at surfaces can be identified and characterized. @By using IR
spectroscopic techniques in combination with electrochemical systems, it is
possible to investigate the nature of adsorbate bonding characteristics and
potential-dependent orientational changes, as well as surface dynamics.’™®
Also, detailed mechanistic information regarding electrode-mediated reactions
can be obtained by using IR spectroelectrochemistry to monitor
electrogenerated species in solution.1?

The underpotential deposition (UPD) of foreign metals on electrode
surfaces is an electrochemical phenomenon wherein an adlayer (or more) of
certain metal species in solution may be reversibly and reproducibly deposited
onto a substrate electrode surface prior to bulk metal deposition.1l.12
Surface-sensitive spectroscopic (and other interfacial) probes provide a means
to study the effects of UPD on interfacial electrochemistry.!®1® The work
presented here utilizes the surface sensitivity of IR spectroelectrochemistry

to explore how copper UPD affects the adsorption of sulfate and bisulfate on

gold surfaces. To our knowledge, infrared spectroelectrochemistry has not
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been used previously to investigate interfacial changes that occur as a result

of metal underpotential deposition.

ADSORPTION OF SULFATE AND BISULFATE ON ELECTRODES

The coadsorption of bisulfate and sulfate on polycrystalline platinum
surfaces has been the subject of several detailed IR spectroscopic studies.’” -
20 A recent electrochemical study of bisulfate and sulfate adsorption on
Pt(111),?! and optical second-harmonic generation (SHG) studies of
sulfate/bisulfate adsorption on polycrystalline silver?’ and platinum,?® have
also been published. Elsewhere, the behavior of bisulfate and sulfate ions on
gold surfaces has been studied by voltammetry in potassium sulfate?* and
sodium sulfate?® solutions, as well as in sulfuric acid.?*"?® An ex situ study
employing Auger electron spectroscopy (AES), low-energy electron diffraction
(LEED), and reflection high-energy electron diffraction (RHEED) of Au(lll)
surfaces following emersion of the electrode from sulfuric acid solutions has
also been reported.?’ 1In this study,?’ it was reported that the sulfate AES
peak intensity increased almost linearly with potential, and an ordered two-
dimensional overlayer structure of sulfuric acid was demonstrated by LEED and
RHEED regardless of the emersion potential between -0.2 and +0.6 V vs.
Ag/AgCl. Adsorﬁtion»of sulfate on gold electrodes has also been explored
using the piezoelectric response of gold surfaces to aqueous sulfate solutions
with changing potential.?3:22 The results of many of these investigations show
that the detailed nature of sulfate and bisulfate adsorption is a strong
function of the solution pH and the electrode potential, among other factors.

It is known that sulfate and bisulfate species may become specifically




adsorbed on gold surfaces, with the following anion adsorbability order for
halides and sulfate/bisulfate: F~ < HSO,” < $0,2 < Cl- < Br~ < 1I".%* This
order indicates that the presence of halide solution contaminants could affect
the ability of sulfate/bisulfate to specifically adsorb on gold, and could
also alter the orientation of surface sulfate species. In addition to the
adsorbability order above, sulfate and bisulfate adsorption is probably
controlled by slower adsorption kinetics than halides demonstrate under the
same conditions. This conclusion is reached because sulfate/bisulfate
adsorption is dependent upon potential sweep rates; this phenomenon is not
observed for the halides.?

Previous electrochemical investigations of the sulfate/bisulfate
system?*"?® have provided an understanding of the solution and surface
conditions that influence sulfate and bisulfate adsocrption, but have been
largely insensitive to the differences in behavior of sulfate and bisulfate on
the surface. While this earlier work showed that changing solution conditions
alter the total relative surface concentrations of sulfate or bisulfate within
a system, the relative surface concentrations of these two species were
largely left to speculation. Infrared peak assignments, used earlier in the
work with sulfate and bisulfate on platinum,!’"2° demonstrate that it is
possible to differentiate between surface sulfate and bisulfate species by
spectroelectrochemical means. Thus, it should be possible to gain a great
deal of knowledge regarding sulfate/bisulfate adsorption on gold through the
use of surface-sensitive IR techniques. In this paper we report the results
of monitoring the potential-dependent surface behavior of sulfate and

bisulfate anions, using IR spectroelectrochemistry as a surface probe.




UNDERPOTENT” . DEPOSITION OF COPPER ON GOLD

The underpotential deposition (UPD) of copper on gold electrodes has -
been studied by a number of methods, including cyclic voltammetry,13-13.28
surface-extended X-ray absorption fine structure (SEXAFS),3%:3! scanning
tunneling microscopy (STM),3%:33 ex situ techniques (LEED, RHEED, and AES),!3
and AC impedance.!?:3* Further studies of the sulfate/bisulfate system
employing radiotracer methods,3> SHG,3%:37 the quartz crystal microbalance
(QCM)37+38 and X-ray absorption spectroscopy (XAS)3° have also been conducted
on both polycrystalline and single-crystal gold surfaces. Interpretation of
the results from these studies has led to an understanding of the nature of
the UPD copper adlayer on gold surfaces, and the determination that copper UPD
does not result in alloy formation,‘’ as was thought from earlier studies.*!
SEXAFS data from UPD copper monolayers on Au(lll) electrodes in sulfuric acid
electrolyte have allowed for the observation of oxygen associated with UPD
copper atoms.3%:3! The source of this oxygen was attributed to either adsorbed
sulfate/bisulfar~ nr surface water.

While a reasonable understanding of the copper UPD on gold system is
available, none of the techniques listed above have allowed for a detailed
examination of the response of the electrolyte ions to the potential-induced
changes occurring at the electrode surface. Radiotracer experiments,33.42
which do indeed provide data on electrolyte ion behavior in a thin-layer cell,
cannot differentiate between surface and solution species. Furthermore, the
radiotracer technique does not allow for the determination of the orientation
of adsorbed ions, and does not provide information on the behavior of surface

water. SEXAFS studies do not reveal the source of the surface oxygen that is
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associated with UPD copper atoms, i.e., whether the oxygen atom comes from H,0
or electrolyte anion/dianion. Voltammetric data suggest that faster kinetics
are assoclated with the formation of submonolayers of Cu on polycrystalline-
gold in the presence of sulfate electrolyte, which is strongly adsorbed, vs.
the case of perchlorate electrolyte, which adsorbs only weakly.!* However,
the precise behavior (i.e., coverage, orientation, etc.) of sulfate and water
near the surface that leads to voltammetric differences between electrolyte
ions cannot be determined from conventional electrochemical data. IR
spectroelectrochemical data, on the other hand, may provide detailed
information on the adsorption of both sulfate and bisulfate ions, as well as
water, as a function of electrode potential. To date, neither the
sulfate/bisulfate system on gold, nor copper UPD on gold in sulfuric acid,
have been studied by IR spectroelectrochemical techniques. Under optimum
conditions, surface-sensitive potential-dependent infrared (PDIR'3)
spectroscopy offers a number of advantages over other interfacial probes in
that it can provide information on the identities, relative abundances, and
orientations of adsorbed species. Using PDIR methods, a thorough
investigation of surface sulfate/bisulfate electrolyte involvement in the Cu
UPD process on gold will be described herein. The results from the UPD
experiments will be compared with results from this electrolyte system in the
absence of copper UBD. This study represents the first known use of in situ
infrared spectroscopic techniques to probe interfacial changes that occur
during UPD processes on electrode surfaces. This interfacial IR probe can be
used to complement other surface-sensitive probes such as those mentioned

previously (e.g., STM, SEXAFS, QCM, etc.).




EXPERIMENTAL

Infrared spectroscopic measurements were conducted by using an electrode
potential modulation method combined with a Fourier transform IR spectrometer
(IBM Instruments IR/98); the methodology has been described in detail
previously.?2 A liquid nitrogen-cooled mercury-cadmium-telluride (MCT)

1 was used

detector (Infrared Associates) with its D* maximum at ca. 1200 cm”
throughout the study. The potential of the Au electrode (with respect to the
reference electrode) was switched between reference (base) and sample
potentials every 100 interferometer scans. A reference potential of +0.80 V
vs. Ag/AgCl was chosen to facilitate comparisons with other studies of copper
UPD on Au in sulfate electrolyte. All spectra reported here are difference
spectra between the applied potentials indicated and the reference spectrum,
unless otherwise noted. The potential modulation method was employed in -order
to keep the gold surface clean during the IR measurements. Typically 400
interferometer scans at the reference and sample potentials were collected
with 4 cm™?! resolution to provide adequate signal/noise ratios.

A similar thin-layer spectroelectrochemical cell to the ore used here
has been described elsewhere,**:*3 except that the cell used in these
experiments had a Kel-F® (rather than glass) cell body and piston. The cell
was fitted with a ZnSe window (Spectra-Tech) with 20° bevelled edges at the
front. The angle of incidence in the reflection measurements was roughly 70°.
A smooth polycrystalline gold electrode (Johnson-Matthey), 25 mm diameter,
99.9985X% purity, was used as the working electrode. A groove around the

circumference of the gold electrode was added onto one side of the electrode

disc to make the electrode to fit into a specially designed, o-ring sealed




Kel-F® piston. The piston allowed for electrical contact to be made with the
gold electrode while sealing the contact from electrolyte solution. No solder
or spot-welded joints were necessary. The groove reduced the effective
diameter of the electrode to approximately 23 mm. The gold electrode was
polished successively by 1, 0.3, and 0.05 pm alumina polishing powder
(Buehler). Both the spectroelectrochemical cell and gold electrode were
thoroughly cleaned in concentrated sulfuric acid (Vycor, doubly distilled) and
rinsed exhaustively with 18 MO resistivity water (Barnstead Nanaopure system)
before each experiment.

An Ag/AgCl (3 M KCl) reference electrode (Microelectrodes, Inc.) was
placed in the main cell via a feedthrough near the front of the cell. All
measurements were conducted at room temperature: 23 + 1 °C. The cell was
deaerated by bubbling ultrapure nitrogen (99.99%, Air Products) through a
sealable cell port prior to the start of each experiment. Sulfate solutions
were prepared by using Nanopure 18 MQ water and doubly distilled sulfuric acid
and/or sodium sulfate (99+%, Aldrich). Copper sulfate (Aldrich) was reagent
grade and used as received. For the copper UPD on gold experiments, a 0.5 M
H,S80, solution containing 5 mM CuSO, was prepared. After collection of cyclic
voltammograms, the gold electrode was pushed up against the ZnSe window for
collection of PDIR spectra. The cell voltammetry was checked before and after
PDIR spectroscopic studies to ensure that the electrode surface remained clean
during the course of an experiment. Cyclic voltammograms (both in the
presence and absence of copper) were similar in appearance to those reported
previously in sulfate media,?3:3’ and are indicative of well-behaved

electrochemistry.
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RESULTS _AND DISCUSSION

SOLUTION CONDITIONS

The solution composition should play an important role in determining
the ultimate surface sulfate interactions that are observed in an
electrochemical system. The relative solution concentrations of sulfate and
bisulfate ions are affected by the pH. Ratios of sulfate to bisulfate for
various solution compositions have been calculated using the dissociation
constant of the bisulfate anion,*® assuming the activity coefficients a, = a. =
a;, and are listed in Table 1. Experimentally determined absolute
concentrations of sulfate and bisulfate have been measured by Raman
spectroscopy in sulfuric acid solutions,*’"3% but the relative concentrations
of these ions in solution will be adequate for discussion here. 1In the case
of copper UPD on gold, the insolubility of CuSO, at higher pH requires the use
of acidic solution conditions; hence data from systems containing copper are

obtained in 0.5 M H,S0,.

SURFACE IR SPECTROELECTROCHEMISTRY OF SULFATE AND BISULFATE ON GOLD

In order to interpret PDIR spectra of sulfate and bisulfate species obtained
during copper UPD on gold studies (which will be discussed later), it is

useful to investigate the IR spectroelectrochemistry of the sulfate/bisulfate
systea in the absence of copper. Figures 1 and 2 show the difference spectra
collected from a polycrystalline gold surface when the reference potential is

ratioed against the sample potential for solutions of 0.5 M Na,SO, and 0.5 M
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H,S0,, respectively. Positive peaks in the spectra arise from species
prevalent at the reference potential, while negative peaks are due to species
present at the sample voltage.! Verification of the observed spectral
features as being due to surface species was accomplished by comparing s- and
p-polarized spectra.l'? No peaks appeared in the spectrum obtained with s-
polarized radiation, indicating that the peaks in Figures 1 and 2 arise from
species at the electrode surface. The surface attributes of the observed
peaks havé been established in earlier studies of the sulfate/bisulfate system
within the double-layer region on platinum.l® By keeping within the double-
layer potential region, spectral complications arising from faradaic
processes3! and the migration of solution electrolyte species (into or out of)
the thin layer’? have been minimized. The observed peaks in the PDIR spectra
(Figures 1 and 2) also demonstrate slight potential-dependent frequency
shifts, which offérs further evidence that the observed spectral features are
due to surface species.

Examination of IR difference spectra from Na,SO, and H,S0, systems on
polycrystalline gold (Figures 1 and 2, respectively) reveal several peaks in
the 850 to 1250 cm™! range, with four main peaks appearing at approximately
900, 1050, 1100, and 1200 cm™. These peaks have been assigned to vibrations
of surface bisulfate and sulfate ions,}7720.53-35 gnd are summarized in Table II.
Figure 2 also shows a large bipolar band centered around ca. 1600 cm™}, which
is attributed to the bending mode of interfacial water molecules. The most
striking features in the data are the differences observed between the signs
of the sulfate and bisulfate peaks in the two systems (Figures 1 and 2). The
data of Figure 1 show a strong positive peak at ca. 1100 cm™!, which is

attributed to sulfate on the electrode surface, and negative peaks at ca.
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1200, 1050, and 900 cm™!, which are assigned to surface bisulfate. The data
presented in Figure 2 show an opposite trend from that seen in Figure 1, i.e.,
positive peaks are observed at ca. 1200, 1050, and 900 cm™ (due to surface
bisulfate), and a strong negative peak appears at ca. 1100 cm! (due to
surface sulfate). Strong water bands near ca. 1600 cm™! are also observed in
the sulfuric acid system (Figure 2), while no significant water bands in this
wavenumber region appeared in the sodium sulfate case (Figure 1). These
results indicate that in sodium sulfate solution there is more bisulfate on
the surface with increasing potential, while in sulfuric acid there is more
sulfate adsorption occurring with increasing potential. In other words, the
sulfate vs. bisulfate behavior is reversed depending upon the identity of the
predominant cation in solution (H' or Na'). Also apparent from the IR
spectroelectrochemical data is the presence of surface water in solutions of
high acidity (Figure.2); surface water is possibly absent, or (most likely) is
not affected by potential changes in more neutral solution (Figure 1). Thus
the solution pH influences solvent, as well as electrolyte, adsorption
characteristics. The spectroscopic results from acidic solutions are similar
to what has been observed for the same solutions on platinum surfaces.!®

In order to extract more precise information from the data presented in
Figures 1 and 2, a fitting method involving the summation of model Gaussian
peaks was used to model the experimental PDIR data. This method has been
employed previously with similar data from adsorbed thiocyanate in an effort
to simulate difference spectra that yield overlapping peaks of opposite
sign.’® Modeling methods of this kind are also useful for alleviating
problems in the interpretation of difference spectra, especially in instances

where the reference spectrum is not a flat baseline and there are overlapping
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peaks .’

For the sake of simplicity, a single peak width was assigned to each
Gaussian peak regardless of the applied potential, i.e., we assume no
potential-dependent change in peak widths. Peak amplitudes and peak positions
are different for each Gaussian in every fit of experimental data, and were
varied to obtain a least squares fit for each spectrum that was modeled. 1In
modeling IR spectroelectrochemical data obtained from 0.5 M Na,SO,, three
Gaussian peaks (with frequency maxima at ca. 1200, 1100, and 1050 cm™!) were
used. For fits of PDIR data from 0.5 M H,SO, solution, only two Gaussians
(peak frequencies ca. 1200 and 1100 cm™!) were employed, since the 1050 cm™!
was not prominent in the original spectrum.

The results of the fit for PDIR spectra obtained in 0.5 M Na,SO, and 0.5
M H,SO0, are shown in Figures 3 and 4, respectively. Figures 5a and 5b show
examples of plots of experimental results along with the residuals
(differences between the experimental and fitted data) for the above sodium
sulfate and sulfuric acid solutions, respectively. While the three-Gaussian
fit for the sodium sulfate solution (Figure 5a) has fairly random, small
residuals, the residuals for the case of sulfuric acid (Figure 5b) reflect the
presence of a weak feature at ~1050 cm™! which was not easily observed in the
original unfitted PDIR data. By modeling experimental infrared data in this
fashion, it becomes possible to assign more accurate peak parameters (i.e.,
peak frequency, width and intensity) to overlapping peaks in difference
spectra.

Peak positions determined from the fitted data from 0.5 M Na,SO, or H,SO,
are shown in Figure;.Ga and 6b for the ~1100 cm™! (sulfate) and ~1200 cm™
(bisulfate) peaks, respectively. It is apparent from the plots (Figure 6)

that the peak frequency for both the sulfate and bisulfate peaks is greater
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under more acidic conditions. The reasons for these differences in peak
frequencies (for adsorbed sulfate and bisulfate species) may arise from a
variety of factors, including differences in orientation, coverage, degree of
hydrogen bonding, etc. Neither the sulfate nor bisulfate peaks show
substantial potential-dependent frequency shifts, if compared to frequency
shifts observed for adsorbed CO and pseudohalide species (which are
significantly higher).! This observation may be due to the unavailability of
polarizable electrons in single bonds of sulfate and bisulfate species, which
leads to a lower Stark tuning rate than for double- and triple-bonded
adsorbates such as CO,y, and CN ,4,. As the applied potential is made more
positive, slight shifts to higher frequency are observed for adsorbed sulfate
and bisulfate species in Na,;S0, and H,SO, solutions, with the exception of the
sulfate peak (~1200 cm™®) in sulfuric acid solution (Figure 6). This peak
shows a frequency decrease with increases in potential above ca. -0.1 V
(Figure 6b), and is probably due to increasing sulfate coverage (and therefore
greater adsorbate-adsorbate coupling) at higher potentials. This contention
is consistent with capacity and electrochemical quartz crystal microbalance
(EQCM) data on polycrystalline gold, which suggest higher sulfate coverages at
more positive potentials in sulfuric acid.?

Peak intensities of adsorbed sulfate and bisulfate species, unlike peak
positions, show more pronounced dependencies on potential (Figure 7). 1t is
clear from these results that the-interfacial pH has a profound influence on
the relative identities and coverages of adsorbed sulfate species as the
potential is altered within the double layer region. The sulfate peak at
~1100 cm™ is generally much more intense in the acidic system (Figure 2) than

in the more basic system (Figure 1). This may be ascribed to the existence of
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a contact-adsorbed sulfate species in acid, as opposed to a solvent-separated
interfacial sulfate species in the more basic system, which results in a
higher band intensity due to an enhancement effect.3® Interfacial bisulfate
species are thought to be solvent-separated in all cases, since no drastic
intensity changes (comparing Figures 1 and 2) are noted for bisulfate spectral
bands. Fitted peak intensity vs. potential data for 0.5 M Na,SO, and 0.5 M
H,S0, are shown in Figures 7a,b; note the differences in scale for the two
cases. The trends in the fitted data for the ~1200 cm! (bisulfate asymmetric
stretch) peak (Figure 7) suggest that for predominantly acidic solutions,
HSO,” is lost from the surface as the potential is increased. On the other
hand, under more neutral conditions, there is a small increase in bisulfate
adsorption with increasing potential, followed by a weak desorption trend.
The ~900 cm™! (S-(OH) stretching) peak position follows the behavior of the
other (~1200 cm™!) bisulfate peak. These trends were less obvious in unfitted
intensity vs. potential data, and again demonstrate the importance of fitting
difference infrared spectra.

The intensity vs. potential trends for the ~1100 cm™ peak (asymmetric
sulfate vibration), illustrated in Figure 7, are opposite the trends observed
for bisulfate. For more acidic solutions (0.5 M H,SO,), the amount of
adsorbed sulfate on the gold surface appears to increase dramatically with
potential above approximately -0.1 V. However, the amount of adsorbed
sulfate, indicated by the intensity of the ~1100 cm™! peak, changes less with
potential for the more neutral solutions. In more neutral conditions (0.5 M
Na,S0,), adsorption of sulfate decreases by a similar degree to the increases
in adsorption that are observed for bisulfate, as indicated by the intensities

of the ~1200 and ~900 cm™! peaks. So at more positive applied potentials,
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sulfate adsorption appears to be favored in more acidic media, while bisulfate
adsorption predominates in more neutral solutions.

- The reasons for the differences in adsorption behavior between acidic
(i.e., 0.5 M H,S0,) and neutral (e.g., 0.5 M Na,S0;) cases do not appear to be
due to significant differences in the gold surface charge. While we did not
determine the potentials of zero charge (pzc's) for the solutions under study
here, pzc’s of gold surfaces under similar solution conditions have been
reported.>®:%% The pzc of polycrystalline gold in 1 M H,SO; has been
determined to be +0.070 V® (vs. the reversible hydrogen electrode, or RHE),
and the pzc for this surface in 0.1 M Na,SO, has been reported (for solutions
of pH 2-8) to be +0.12 V% (vs. RHE). As these values do not vary widely, it
is probable that there is no large change in the pzc with the changes in
solution conditions used in the experiments. Also, since the experiments here
were conducted within the double layer potential region, effects due to
hydrogen adsorption and/or oxide formation should not be important. Hence,
other influences besides changes in surface charge and hydride or oxide
formation must be responsible for the observed potential-dependent adsorption
behavior of sulfate and bisalfate in the solutions investigated here. It
seems clear that the solution pH (and therefore the pH of the interfacial
region) is responsible for the above spectroelectrochemical observations.
Influences of H' concentration on adsorption have been noted before in PDIR
studies, for example in the adsorption behavior of the acetate/acetic acid
system’?:6! and surface cyanide species.3!

Differences in H' concentration would have the most profound effect on
the surface behavior of sulfate and bisulfate anions if an equilibrium

relation between surface species is more dominant than the equilibrium between
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surface and solution species. A model for this type of behavior was proposed
previously to explain sulfate and bisulfate adsorption on platinum.!8
Consider the dissociation of adsorbed bisulfate species to sulfate plus an

interfacial proton:
(HSOQ- ) ads = (H+) it + (Soloz- ) ads

so that

Kads - {[(w)int] X [(Sobz-)ads]}/[(HSOG-)ads] .

A high interfacial H' concentration would tend to drive the above equilibrium
to favor surface bisulfate. Applying the second expression to the case where
sodium cation (and not H') is predominant at the surface, it is apparent that
the sodium concentration should not significantly affect the relative surface
concentrations of S0, or HSO,”. Alternatively, at lower pH, the higher
concentration of H' at the interface should have a substantial influence on
Keas, especially at less positive potentials where the proton concentration in
the interfacial region is high. For systems with low H' concentrations (e.g.,
0.5 M Na,S0,), this model predicts only a small change in sulfate and
bisulfate peak intensities as the potential is changed, while for more acidic
solutions (e.g., 0.5 M H;S0,), the surface equilibrium model predicts a more
pronounced pesak intensity change with potential. These predictions are
reflected in the data of Figure 7, which reveal greater potential-induced
intensity changes for the highly acidic system (Figure 7b) vs. more neutral

solution (Figure 7a). Also (in the acidic system) as expected from the model,
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when the applied potential is made more positive, H* leaves the surface, the
sulfate coverage increases, and the bisulfate coverage decreases. The above
equilibrium model is consistent with the data of Figures 7, which illustrate
(for neutral as well as for acidic systems) that as a bisulfate peak (at
~1200, or ~900 cm™!) gains (loses) intensity, the sulfate peak (at ~1100 cm™?)
goes in the opposite direction, with a corresponding intensity decrease
(increase). It is necessary to employ the above surface equilibrium model in-
an effortito explain our PDIR data, for the concentration ratios presented in
Table I do not account for the coexistence of surface sulfate and bisulfate

species in both acidic and neutral media.

ADSORBED WATER ON GOLD

It is of interest to consider the behavior of the ~1600 cm™® bending
water vibration in the PDIR spectra from highly acidic solutions such as 0.5 M
H,S0, (Figure 2). This band was not observed in PDIR data from more neutral
aqueous media, e.g., 0.5 M Na,SO, (Figure 1). As the applied potential is
made more negative, the peak frequency shifts from lower to higher
wavenumbers. The implication is that in acidic media, adsorbed water
reorients when the potential is changed within the double layer regime.
Surface water is oriented with its oxygen atom toward the surface at more
positive potentials, and flips over as the potential is made more negative to
become oriented with the hydrogen atoms toward the surface. Since there is
less strain on the bending vibrational mode if the oxygen of the water
molecule is oriented toward the surface, the peak frequency is lower than for

an oscillation where the hydrogens are near the surface. While it is probable
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that adsorbed water is also present in the case of neutral solution, no

significant peaks appear in the ~1600 cm™!

region in the difference IR
spectroelectrochemical data (Figure 1). Hence, there is apparently no
potential-induced reorientation of adsorbed water in the more neutral system.
These results show that an increase in the interfacial pH not only affects the
adsorption behavior of sulfate and bisulfate species, but also influences the
behavior of water in the interfacial region. A higher interfacial H*
concentration at more negative potentials in a system where protons are
readily available would result in higher local concentrations of hydronium

ion. Protonation of surface water would then result in a reorientation from

oxygen-down to hydrogens-down.
COPPER UNDERPOTENTIAL DEPOSITION ON GOLD IN SULFURIC ACID

From voltammetric studies, it is known that bulk copper is deposited
cathodically (from Cu?* dissolved in sulfate solution) onto gold surfaces at
voltages negative of approximately 0.05 V vs. Ag/AgCl.1372%.37 Copper UPD on
both polycrystalline and single-crystal gold surfaces reveals two UPD waves;
these waves are much narrower and more vwell-defined on single-crystal (e.g.,
Au(111))3.62 surfaces than they are on polycrystalline surfaces.?’ Also, on
polycryst#lline gold, the second UPD peak and the current peak due to bulk
copper electrodeposition are not nearly as well-resolved as on single-crystal
gold surfaces.3 Coulometric measurements on both polycrystalline gold and
Au{1lll) suggest that the first copper UPD peak corresponds to a Cu?* + Cu*
reduction, while the second UPD peak is due to Cu* -+ Cu®.3® This is consistent

with interpretations from XAS measurements on single-crystal surfaces, which
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point to the existence of a Cu' adlayer between the first and second UPD
peaks.3® However, there is conflicting evidence from LEED,% STM,32:3% and
other voltammetric®® and EQCM37-%* studies which suggest that the charge of the
initially deposited copper adlayer is less than +1. Coulometric data are not
always reliable, since partial charge transfer may occur due to ionic
adsorption.5:83 So the assigned charge of the initially deposited copper
adlayer remains an open question. However, there is no doubt that this UPD
adlayer is not fully discharged, and that full discharge to Cu® does not occur
until further negative potentials are applied. Whatever the charge of the
first Cu UPD.adlayer, it is emphasized that a significant amount of positive
charge is retained. For arguments presented here, an assignation of +1 charge
to the first UPD adlayer will not affect our interpretation of spectral
changes that result from influences of the changing surface charge.

The .cyclic voltammetry of the CuSO, + H,SO, system on vapor-deposited
polycrystalline gold has been published.3’ On this gold surface, during a
negative scan from a starting potential of +0.8 V (vs. Ag/AgCl), the first and
second UPD peaks appear at ~+0.20 and ~+0.05 V, respectively. On the return
positive scan, the corresponding UPD stripping peaks are observed at ~+0.10
and ~+0.22 V for Cu® = Cu* and Cu* + Cu?*, respectively. It is emphasized that
the UPD waves on polycrystalline gold are much broader and ill-defined than
the corresponding waves.on single-crystal gold surfaces. Infrared
spectroelectrochemical data were obtained from this system at applied
potentials between +0.8 V and -0.05 V, as described below.

The spectra shown in Figure 8 are PDIR results collected during UPD of
copper on polycrystalline gold from a 0.5 M H,SO, + 5 mM CuSO, solution.

These spectra illustrate that copper UPD has a strong influence on the
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interfacial behavior of sulfate, bisulfate, and water. Let us first examine
the PDIR spectra obtained within the potential region where Cu® UPD occurs
(e.g., +0.0 and -0.05 V, Figure 8). These spectra are very similar in
appearance to those collected from 0.5 M H,SO, on gold with no copper present
(Figure 2). However, PDIR spectra taken within the Cu' UPD potential regime
(e.g., +0.29 and +0.2 V, Figure 8) are similar to the difference spectra
recorded from 0.5 M Na,SO, on gold (Figure 1), where no copper is present.

The IR spectroelectrochemical data shown in Figure 8 illustrate that
significant interfacial changes occur during copper UPD. The sulfate peak at
~1100 cm™! first gains intensity within the realm of Cu* UPD, and then
significantly loses intensity as underpotentially deposited Cu' is converted
to Cu®. Bisulfate peaks at ~1200, 1050, and 900 cm™!, as before in systems
where no copper was present, go in the opposite direction to sulfate peaks.
During Cu* UPD, bisulfate peaks decrease in intensity, and then grow in
intensity as UPD Cu® is formed electrochemically. The bipolar water band near
~1600 cm™? also appears when Cu® is formed. Such detail regarding the
interfacial behavior of electrolyte and solvent during UPD processes has not
been revealed by other surface probes, and shows the utility of IR
spectroelectrochemistry for UPD studies.

The implications of the results shown in Figure 8 are intriguing. When
UPD Cu* is present on the gold substrate surface, the interfacial pH is
similar to that for 0.5 M Na,SO, solution. Hence, the concentration of H*
near the interface is small, and adsorbed sulfate predominates over surface
bisulfate species, as suggested by the PDIR spectra (compare Figures 1 and 8).
On the other hand, when UPD Cu® is formed, the interfacial pH becomes similar

to that for 0.5 M H,SO,, and now bisulfate adsorption is favored; also,
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surface water undergoes a feorientation (with respect to the reference voltage
at +0.8 V) such as that seen earlier (Figure 2). A positively charged UPD
copper adlayer (Cu*!) would disfavor the presence of H' mear the surface, even
in a highly acidic medium such as that here. This situation would then favor
adsorption of sulfate species on the UPD adlayer, as was seen at less positive
potentials in the case of a neutral sulfate electrolyte on a gold surface
(Figure 1). However, a fully discharged surface layer of copper, such as Cu°
on gold, would not expel H' from the interface, especially at potentials
negative of the pzc. Hence bisulfate species will be prevalent on the fully
discharged UPD copper surface; this is reflected in the PDIR spectra (compare
Figures 2 and 8). Concurrent with these observations (Figure 8) is the
reorientation of interfacial water (from oxygen down to hydrogens down) as a
result of Cu® formation; this result is virtually identical to the behavior in
0.5 M H;SO, on gold (Figure 2). The interfacial pH is thus a function of the
surface charge, not only of the substrate electrode, but also of the UPD
adlayer. The interfacial H' concentration therefore influences the relative
surface concentrations of polyprotic electrolyte species, and also affects the
adsorption behavior of surface water molecules by causing a corresponding

increase in the local hydronium ion concentration.

SUMMARY

Based on the IR spectroelectrochemical results from 0.5 M Na,SO,, 0.5 M
H,S0,, and 5 mM CuSO, in 0.5 M H,S0, on polycrystalline gold, a general model

of the interface can be postulated as a function of pH and applied potential
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(Figure 9). In sodium sulfate on bare gold, there is co-adsorption of sulfate
and bisulfate at applied potentials within the double-layer region. As the
voltage is made more negative, the sulfate coverage increases and the
bisulfate coverage decreases. However, in acid medium, we have the opposite
scenario, i.e., as the potential is made more negative, the sulfate coverage
decreases while the coverage of bisulfate increases. Also, at more positive
potentiéls in H,;S0,, there appears to be higher coverage of sulfate vs.
bisulfate. Furthermore, reorientation of surface water occurs in sulfuric
acid, which is not seen in the sodium sulfate case. Finally, in a system
where copper underpotential deposition (first UPD of Cu' and subsequently full
discharge to Cu®) occurs, the behaviors of sulfate and bisulfate species
demonstrate attributes of both sodium sulfate and sulfuric acid systems. At
more positive applied potentials, there exists predominately adsorbed sulfate,
although there remains some surface bisulfate. As the potential is made more
negative and a Cu* UPD layer is present on gold, the sulfate coverage
increases while the amount of surface bisulfate decreases. Then when UPD
copper is fully discharged (to UPD Cu®), sulfate becomes desorbed and the
bisulfate coverage increases. This change in the ratio of sulfate/bisulfate
at the surface during conversion of Cu' to Cu® is accompanied by a concomitant
reorientation of surface water from oxygen-down to hydrogens-down.

The intensities of bisulfate IR peaks in the PDIR data (Figures 1, 2 and
8) suggest that bisulfate which is associated with the electrode surface is
not contact adsorbed on the electrode surface; rather, surface water molecules
are present between surface bisulfate and the electrode itself (Figure 9). On
the other hand, ob#ervations of significantly higher peak intensities for

surface sulfate under certain conditions suggest that this species may become
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contact adsorbed on the gold surface at more positive potentials (Figure 2),
and also on a UPD copper adlayer when UPD occurs (Figure 8). When contact
adsorbed sulfate (Figure 9) is removed from the surface, e.g., at potentials
favoring fully discharged UPD copper or at voltages negative of the gold pzc
on a bare electrode, surface water molecules undergo reorientation (Figure 2,
8). This reorientation of (H,0).,. (described above) is not observed in sodium
sulfate; nor does it appear, based on the observation of lower sulfate peak
intensities compared to the acidic case (Figures 1 and 2), that surface
sulfate is contact adsorbed on the gold surface in Na,SO, (Figure 9).

The PDIR results from polycrystalline gold, obtained in acid medium (0.5
M H,S0,), can be rationalized in the following manner. At more positive
potentials, the interfacial H' concentration is low, and adsorption of the
more highly negatively-charged species (i.e., sulfate) is favored. Also, the
more electron-rich portion of surface water (i.e., oxygen) is oriented toward
the surface. Now as the potential is made more negative (to applied voltages
negative of the gold pzc), the surface pH decreases (concentration of H' in
the interface increases). This results in protonation of surface sulfate to
form surface bisulfate, desorption of surface sulfate, and reorientation of
water so that the more electron-poor regions of the water molecule, i.e.,
hydrogens, are toward the electrode surface. If the potentiai is made
sufficiently negative there is an overall decrease in the total coverage of
surface sulfate/bisulfate; this is consistent with EQCM studies on
polycrystalline gold surfaces, which show an overall mass decrease at more
negative potentials.?’

We may explain the implications of the PDIR data obtained from 0.5 M

Na,SO, on gold (Figure 1) in the following way. To reiterate, the PDIR
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spectra indicate that the concentration of surface sulfate increases, and the
amount of bisulfate at the surface decreases, as the potential is made more
negative. At first glance this appears counter-intuitive, for the amount of a
surface species of higher negative charge (S0,%") is increasing at further
negative voltages, while the coverage of an adsorbate of lower negative charge
(HSO,”) is decreasing as the applied potential becomes less positive.

However, we must take into account the fact that the amount of sodium ion at
the interface is increasing as the voltage is made more negative. Since Na*,
rather than H', is the predominant cation in solution ([H'] is approximately &
x 10°¢ M, while [Na*] is ca. 1 M), more sodium ion must be attracted to the
electrode surface at more negative voltages in order to maintain charge
balance at the interface. This will serve to increase the interfacial pH as
the potential is made more negative, thereby favoring the existence of surface
sulfate (deprotonated form) over surface bisulfate (protonated from). While
it is thought that adsorbed water exists at the surface (Figure 9), the PDIR
results indicate no potential-dependent change in orientation of (H;0),4..

The situation in 0.5 M H,SO, when copper is present demonstrates some
very interesting potential-dependent adsorption behavior on the part of the
sulfate and bisulfate species. At further positive potentials the surface
structure mimics that of sulfuric acid (no copper), which has already been
discussed. That is, we have a predominance of adsorbed sulfate on the gold
surface, and water is oriented oxygen-down. At potentials when UPD copper is
present, the amount of adsorbed sulfate increases since the UPD copper adlayer
is positively charged (Cu'); this favors adsorption of the more negatively
charged adsorbate. This interpretation is consistent with EQCM results on

Au(1ll) surfaces that suggest adsorption of sulfate at more positive
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potentials, and also during copper UPD.?® The existence of a Cu* UPD adlayer
upon which sulfate is contact adsorbed is also consistent with XAS studies on
Au{l1ll) that arrive at the same conclusions.3® When a UPD copper adlayer is
present (which is not fully discharged), surface water remains oxygen-down,
since the more electron-rich portion of the water molecule will be attracted
to a positively charged substrate surface. However, when the applied voltage
is made sufficiently negative to induce full discharge of the UPD copper
adlayer (Cu®), the existence of a negative applied potential causes an
increase in the interfacial concentration of H'. This results in a loss in
the amount of adsorbed sulfate and a gain in the concentration of surface
bisulfate. Furthermore, surface water reorientation, which appears to be
driven in part by the potential-dependent change in interfacial pH, occurs so

that the more positive portion of the molecule is directed toward the

substrate surface.
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Table I. Calculated sulfate/bisulfate concentration ratios for various

solution compositions of sodium sulfate + sulfuric acid.

solution sulfate conc./bisulfate conc.
0.5 M Na,SO, 1.2 x 10°

0.5 M Nazso‘ + 0.0l M HZSO‘ 49

0.25 M Na,SO, + 0.25 M H,S0, 0.15

0.5 M H,S0, 0.021
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Table II. Assignments of vibrational mode frequencies for sulfate and

bisulfate species.

Approximate Peak Frequency, cm™! Vibrational Mode

~1200 bisulfate asymmetric SO stretch
~1100 sulfate asymmetric SO; stretch
~1050 bisulfate symmetric SO; stretch

~900 . ' bisulfate S-(OH) stretch
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FIGURE _LEGENDS

Figure 1. PDIR spectra obtained from aqueocus 0.5 M Na,SO, on polycrystalline
gold. The reference spectrum was obtained at +0.8 V vs. Ag/AgCl, and the

sample spectra were obtained at the applied potentials shown in the figure.

Figure 2. PDIR spectra obtained from 0.5 M H,SO, on polycrystalline gold.
The reference potential was +0.8 V vs. Ag/AgCl, and sample voltages are as

shown in the figure.

Figure 3. PDIR spectra from polycrystalline gold in aqueous 0.5 M Na,SO,
(points) fitted to Gaussian peak shapes (lines). Applied (sample) potentials

are as shown in the figure; the reference potential was +0.8 V vs. Ag/AgCl.

Figure 4. PDIR data from polycrystalline gold in 0.5 M H,SO, (points) fitted
to Gaussian peaks (lines). Sample potentials are as shown and the reference

voltage was +0.8 V vs. Ag/AgCl.

Figure 5. Plot showing experimental PDIR data (lines) and residuals from a
Gaussian fitting routine (points) for (a) 0.5 M Na,SO, and (b) 0.5 M H,SO;.
The sample potentials in (a) and (b) were +0.3 V and +0.2 V, respectively; the

reference voltage was +0.8 V vs. Ag/AgCl.

Figure 6. Plots of calculated PDIR spectral peak position (cm™}) ss. applied
potential for fitted data from 0.5 M Na,SO, (triangles) and 0.5 M H,S0,

(circles). (a) Peak near 1100 cm™}!; (b) Peak near 1200 cm™}.
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Figure 7. Plots of calculated PDIR spectral intensity vs. potentia! for
Gaussian fits of IR spectroelectrochemical data from (a) 0.5 M Na,SO, and (b)
0.5 M H;SO, on polycrystalline gold. In (a) a three-Gaussian fit was used,
while in (b) a two-Gaussian model was employed. Filled squares: asymmetric
sulfate peaks (~1200 cm™!); filled circles: asymmetric bisulfate peaks (~1100

cm'!); filled triangles: symmetric bisulfate peaks (~1050 cm™?).

Figure 8. PDIR spectral results from a solution of 5 mM CuSO, in 0.5 M H,S0,
on polycrystalline gold. The reference potential was +0.8 V vs. Ag/AgCl, and

the sample potentials are as shown in the figure.

Figure 9. Schematic showing proposed configurations of surface sulfate,
bisulfate, and water on polycrystalline gold and electrodeposited copper
surfaces as a function of applied potential. (a) 0.5 M Na,S0,. (b) O.5 M

HzSOg. (C) S mM CuSO,, in HzSO(.
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Calculated Peak Position

E/V(Ag/AgCl)

1120 1 T 1 T 1
(a)
1110 ]
L— v——‘/ —
1100 |- -
| | | | | |
{ 1 1 1 - |
(b)
1210 |
1200 - =
‘/A\‘/"A A
1190 1 | | | | {
-0.4 -0.2 0 0.2

0.4




IR 1 | 1 | i
-0.2 -0.1 0 0.1 0.2 0.3 0.4

- | : E/V(Ag/AgCl)

. = T T T T
3 -
i 1 | L 1 1

2.3 -0.2 -0.1 0 0.1 0.2 03 0.4
E/V(Ag/AgCl)

N .
Y TP
OER I a0 e N

F N
L N

LT a4




| 1% |

1 T
E/V (Ag/AgCl)
-0.05

{

3

+0.05

e V]

+0.1

+0.15

+0.29
+0.4 .
1 1 1
2000 1500 1000

Wavenumbers (cm")

1/




A0°0 A0+ AB'O+
H DX O
o2 / gZ  o-sworeefZEE 0-s%0- <+ 4
HO-S =0+ *H-0 xe /O... S /O.-. °
/O /Io-o am of s
Wl 2 :
o LN m w ,°
ow ..ox.:om EM z/o... 3. :o-mmc o... m
. |
o Wee T W Yo )

AT0- AR'O+

Heso O-..
Ho- m..w. H-,0 / ..mmo...
/O /Ioca Qoo
Hoeeo
w.wm..ox.:o\ v
Y, N HO-S=0 o...
0 e No v W (@)

A 2°0- o 8°0+

%.
0-S=0Q o ‘oo
No I
zo-mto o vos
% ()

9po4jdee Ny
opou:op ny

sposjoe(e ny




